Introduction
Avoiding the worst effects of climate change is one of the major objectives of the European Union (EU). Therefore, the EU has made a decision to significantly reduce greenhouse gas emissions. Two significant milestones for the EU are the goal to reduce greenhouse gas emissions by 40% relative to 1990 levels by the year 2030 (European Commission, 2018) and by 80% by the year 2050 (European Commission, 2018) . Most emissions are produced by energy generation and 40% of European total energy consumption happens in buildings (The European Parliament and the Council of the performance improvements, it is imperative to know the age distribution of different types of buildings existing in a nation. This affects their structural and HVAC solutions, determining the energy performance of the building stock. When this is known, energy renovations can be prioritized according to the emission reduction potential available.
There are different methods to find out the energy consumption of buildings.
Probabilistic energy consumption models were studied in (Barkhudaryan, et al., 2016) .
Increasingly common, however, is the use of dynamic building simulation software such as EnergyPlus, TRNSYS or IDA-ICE (Nageler, et al., 2018) . Typically, studies on optimal building designs and retrofitting have been done by calculating the performance of a set amount of pre-defined design packages, such as in (Ferreira, et al., 2016) .
However, this limits the number of possible options and may not provide the truly optimal solution. It is becoming increasingly common to combine simulation software with optimization algorithms to provide more accurate design information (Nguyen, et al., 2014) .
In Finland, apartment buildings and single family houses are the most significant segments of buildings. This study focuses on apartment buildings, which make up 21% of the total floor area of buildings in Finland (Statistics Finland, 2017) and are responsible for 26% of the energy consumption in the residential sector. The main topic is the energy renovation of apartment buildings in a cold climate, using dynamic building simulations and multi-objective optimization as tools in determining cost-optimal solutions. In an effort to cover the whole apartment building stock, several age categories of buildings were chosen and optimized separately. Earlier studies have found great potential to reduce energy demand and emissions in old residential buildings. Heating demand reduction of 68% was possible in Moscowian residential districts (Paiho, et al., 2013) . In Estonia, it was found that old apartment buildings could be cost-effectively renovated close to the current efficiency standard (Kuusk, et al., 2014) .
Energy efficiency in Finland is typically measured through delivered or primary energy consumption, using constant primary energy factors. This study examines costeffective CO2 emission reduction over 25 year, using variable CO2 emission factors, which has not been done before. This gives a stronger emphasis on energy consumption in the heating season and provides a more realistic estimate of the benefits of solar energy. The novelty of this study is in examining all the age classes of Finnish apartment buildings, for which cost-optimal energy retrofit solutions are determined with respect to reductions in carbon dioxide emissions for the first time. Multi-objective optimization is used to find the tradeoff between cost and emissions. The study presents new information on how effective different methods are in reducing emissions in buildings of different ages, how much different retrofit levels affect life cycle costs and how much upfront investments are needed to reduce emissions. It shows the role that building retrofitting can play when reaching for the EU emission targets for 2050.
Methods

Simulation setup
The study was made using dynamic simulations and multi-objective optimization, as shown in Figure 1 . To find the hourly energy demand in the building, simulations were carried out with the IDA-ICE simulation software (EQUA Simulation AB, 2018), which has been validated according to CEN standards (EQUA Simulation AB, 2010). The calculations were done for the climate of Southern Finland, using the Finnish test reference year (TRY2012), which has been shown to describe the current Finnish climatic conditions (Kalamees, et al., 2012) . The simulation results from a single year were then used in MATLAB to perform additional energy system performance and life cycle cost (LCC) calculations.
Multi-objective optimization was performed with MOBO software, utilizing the NSGA-II genetic algorithm and parallel computation. The optimization algorithm determined whether or not to perform each individual retrofitting measure. Optimization time was reduced by doing the simulation in two stages. First, the simulation of the building was performed in IDA-ICE and the hourly results archived. In the second stage, the results were utilized in MATLAB for the energy system, emissions and LCC calculations. If during optimization, a previously simulated building configuration was used again, instead of running the same IDA-ICE simulation a second time, the previous solution was retrieved from the archive (Figure 1 ). This reduced the total time needed for optimization by skipping unnecessary computations. 
Building descriptions
The goal of the study was to find the emission and cost reduction potential of retrofits for the Finnish apartment building stock. For that purpose, four different age classes of apartment buildings (AB) were modelled and optimized separately. The utilized building models have been shown to be representative of typical Finnish apartment buildings (Saari, et al., 2012) . The age classes were chosen according to changes in the Finnish building regulations (Ministry of the Environment, 2017). Before 1976 there were no building energy regulations. Buildings from before this time were chosen as one age class (AB1). Between 1976 and 2002 the building code was gradually tightened, but the changes were relatively small. Buildings from this period were chosen as the second class (AB2). Both AB1 and AB2 had mechanical exhaust ventilation without heat recovery (Saari, et al., 2012) . Between 2003 and 2009, ventilation heat recovery became the norm and U-value requirements for building envelope were tightened, forming the basis for the third age class AB3. The final age class, AB4
consists of buildings built after 2010, equipped with a further improved heat recovery system and thermal insulation level of the envelope, along with a low temperature heat distribution system. Figure 2 shows the total floor area in buildings of different ages, and groups the age classes according to similar building code. In the age classes with varying demands of the building codes, the building characteristics were averaged, based on the amount International Journal of Sustainable Energy, 2018 (preprint) of buildings built in different time periods. The details of the chosen age categories, based on carefully selected sources, are shown in Table 1 . 
Building service systems
Three alternative heating systems were used in the buildings. Each heating system was optimized separately so that the main heating system was fixed for each optimization run. The selected heating systems were
(1) District heating only (DH) (2) Ground-source heat pump with electric backup heating (GSHP) (3) Exhaust air heat pump with district heating backup (EAHP).
The district heated building was used as the reference case in all optimizations, because it is the most common heating system in Finnish apartment buildings. By default, all buildings used constant air flow rates for their ventilation needs.
However, demand-based ventilation (DBV) was used as an option in the renovations of all the studied building types. DBV was operated according to apartment occupancy.
With full occupancy the air flow rate was at 100%, while at zero occupancy the flow rate was set to be at 40% to remove material emissions.
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Occupancy and internal loads
Electrical loads of appliances and lighting were based on measured profiles from 1630
Finnish households (Degefa, 2012) . The annual average electricity consumption of lighting and electrical appliances was 10.7 kWh/floor-m 2 and 22.15 kWh/floor-m 2 , respectively. Domestic hot water (DHW) consumption profiles were based on measured DHW demand in Finnish apartment buildings (Koivuniemi, 2005) . Examples for the winter period during typical weekday and weekend are shown in Figure 3 . The average daily DHW consumption was chosen according to statistics related to building age (Virta & Pylsy, 2011) , so that the DHW consumption was 63. International Journal of Sustainable Energy, 2018 (preprint)
Optimization setup
The multi-objective optimization was done using the genetic algorithm NSGA-II. Figure 4 describes the optimization scenarios for the different buildings and heating systems. The value ranges for the design variables can be seen in Table 3 age class, while some settings refer to only to a specific heating system, as highlighted by the identifiers. Some features are not self-explanatory. Sewage HR refers to heat recovery from waste water, which in study includes only DHW. The default option was to have no heat recovery, while during the retrofit it was possible to add passive heat recovery through a heat exchanger (30% efficiency) or active heat recovery using a heat pump (70% efficiency). Radiator design determines the design temperature of the heat distribution system. AB4 uses low temperature radiators by default, while the other buildings start with high temperature radiators. Ventilation system refers to the ventilation method used in the building. Building types AB1 and AB2 use mechanical exhaust ventilation by default, while building types AB3 and AB4 use mechanical supply and exhaust ventilation with heat recovery. The supply-exhaust ventilation can further be upgraded with demand-based ventilation (DBV). 
Emissions of energy production
To calculate the annual emissions from the buildings, the emission factors for grid electricity and district heating were determined. District heating in Finland is mostly generated through combustion of fossil fuels and biomass and thus it has a relatively high emission factor of 176 kg-CO2/MWh (Motiva, 2017 ) that practically does not vary according to the seasons.
Electricity generation in Finland includes several emission-free energy sources, such as nuclear, hydro and wind power. Thus, the emission factor is noticeably lower than for district heating. There is also strong seasonality, because the average generation mix is affected by the seasonally fluctuating energy demand as well as the availability of weather-dependent energy sources such as wind and hydro power. 
Economic assumptions and cost of retrofitting
The building and energy system simulation was performed for a single year, but the life cycle cost was determined over a period of 25 years. The price of electricity was
International Journal of Sustainable Energy, 2018 (preprint) composed of three parts: the hourly Nord Pool spot price and the constant distribution cost and electricity tax. When purchasing electricity from the grid, the total value of all three factors was used as the price, but when exporting excess electricity back to the grid, only the spot price was used. Since the TRY2012 weather profile did not match any specific year, a synthetic spot price profile was utilized. The profile was generated from the spot price profiles from years (Nord Pool, 2018 by adjusting the starting days so that each profile started on the same weekday. Then the average price for each hour was used as the final price profile. The average hourly spot price was 39.4 ± 10.2 €/MWh. The distribution cost and electricity tax were fixed at 36.1 and 27.9 €/MWh.
The price of district heating consisted of a monthly changing consumption-based charge (Helen Oy, 2017) and a fixed annual cost (Fortum Oyj, 2017) , which was determined by the peak hourly demand during the whole year. The fixed cost with value added tax (VAT, 24%) was calculated with Equation 1
where CDH is the annual cost in € and PDH is the maximum hourly district heating power in kW during the whole year. The consumption-based cost was 60.5 €/MWh in the period of January-February, 53.9 €/MWh during March-April. 33.4 €/MWh between May and September and 54.6 €/MWh from October to December.
In addition to the energy costs, there were annual maintenance costs and predetermined renewal costs for components such as heat pumps and solar collectors. Costs of the renovation measures for the building envelope are shown in Table 4 and costs of the building service systems are shown in Table 5 .
The life cycle cost was calculated as the sum of initial investments, annual expenses (energy purchases, maintenance) and periodical system renewal costs, discounted over the lifetime of 25 years. The expenses were discounted using a real interest rate of 3% (EU Commission, 2012) . In addition, energy prices were assumed to rise by 2% per year. (Saari, et al., 2012 ) ) Table 5 : Cost of building service system retrofits for all building types (Saari, et al., 2012 ) ) 
Results
The following sections present the results of the optimization study. First, section 3.1.
shows the annual heating demand of the reference buildings before any renovations.
Then, sections 3.2. to 3.5. present the details of specific optimally renovated building configurations. In addition, sections 3.2.1. to 3.2.3. show the cost breakdown of all optimal solutions for the oldest building type AB1. Finally, an overview and comparison of all different optimization cases can be found in section 3.6.
Reference buildings
District heat consumption of the reference buildings without energy renovation measures is shown in Figure 6 . In AB1 and AB2, heating demand was dominated by space heating, due to the relatively high heat losses of the envelope and because heating of ventilation was covered by the space heating system. In the newer buildings AB3 and AB4 domestic hot water was the most significant component. Ventilation heating of the buildings was defined as the heat energy consumption of the air handling unit, but its role remained small due to heat recovery systems. When calculating emission reductions and investment costs, the district heated building was used as the reference case for the optimization of all building age classes.
International Journal of Sustainable Energy, 2018 (preprint) International Journal of Sustainable Energy, 2018 (preprint)
AB1 -Buildings from before 1976
The greatest potential for reducing emissions in a cost effective manner was found in the oldest building class (AB1). The specific details of some solutions, based on their cost levels, are given in Table 6Error International Journal of Sustainable Energy, 2018 (preprint) In the reference case, without any energy conservation measures, most of the cost over the lifetime came from purchased district heating energy. It can be seen that with the energy conservation measures it was possible to considerably reduce the need for importing district heating energy. Thus, the relative cost of DH energy goes down significantly. Due to the initially very poor U-value of the external walls (0.81 W/m 2 ,K)), most of the renovation solutions include additional thermal insulation on the walls. Only in cases 51-63 it was not cost-efficient to improve the U-value of the envelope. Due to the low cost, additional insulation of roof was always included.
Improved windows (U-value and g-value) were also included in every renovation configuration. In cases 1-23, the building was retrofitted with mechanical supply and exhaust ventilation and heat recovery. It greatly improved the energy efficiency, but the life cycle cost increase was also significant. The mechanical ventilation could be upgraded to a demand-based ventilation, where the flow rate was controlled based on the occupancy. The additional cost of DBV was so small that all cases with mechanical ventilation were also equipped with the demand-based ventilation feature.
International Journal of Sustainable Energy, 2018 (preprint) Figure 7 : LCC distribution in the Pareto optimal renovation solutions of the building type AB1 with district heating. The letters refer to the chosen cases in Table 6 . Figure 8 shows the cost breakdown of the optimal solutions for AB1 when GSHP was used to replace the default district heating system. With the GSHP, the most costly investments for AB1 renovations were in the additional wall insulation and upgrading the ventilation to full mechanical supply and exhaust ventilation with heat recovery.
Ground-source heat pump
Second highest cost components were the window upgrades and the cost of the heat pump system. Other important cost components were replacing the old radiators with low temperature radiators and solar collectors if a very high capacity was used. The electrified heating roughly tripled the electricity consumption, but the total cost of electricity was reduced by up to half due to energy saving measures. However, the cost of the investments exceeded the savings for cases with very low emission levels.
International Journal of Sustainable Energy, 2018 (preprint) Figure 8 : LCC distribution in the Pareto optimal renovation solutions of the building type AB1 with a ground-source heat pump. The letters refer to the chosen cases in Table   6 . Figure 9 shows the cost breakdown of the optimal solutions for AB1 when EAHP was used. The exhaust air heat pump (EAHP) was installed alongside the existing DH system, but did not completely replace district heating. The building with the EAHP did not include the possibility to add mechanical supply and exhaust ventilation and heat recovery. The most significant performance improvements came from the exhaust air heat pump itself as well as additional wall insulation. The additional wall insulation was also the most expensive energy saving measure in most of the cases. With the EAHP system, original district heating system was still cost-efficiently used as a backup heating system. The energy cost of district heating was about 30% of the total cost in the low performance cases (high emissions), but it was reduced to around 10% in the most expensive cases. Electricity cost surpassed the district heating cost as emissions lowered. The electricity cost remained roughly constant in all the cases, because the EAHP capacity was always at (or near) the maximum value of 39 kW. Any energy demand not covered by the EAHP was met using district heat. Compared to the cost of wall insulation, most of the other energy saving measure expenses were small. Still, the costs of window upgrades and retrofitting of low temperature radiators (which improved the COP of the EAHP) were relatively expensive.
Exhaust air heat pump
International Journal of Sustainable Energy, 2018 (preprint) Figure 9 : LCC distribution in the Pareto optimal renovation solutions of the building type AB1 with exhaust air heat pump. The letters refer to the chosen cases in Table 6 . Table 7 shows a selection of optimal solutions with different emission levels for the building AB2. Using a GSHP, the least cost solution d could obtain similar emission levels as the more expensive solutions b and a for DH and EAHP, respectively. The least cost renovation options for all cases included the installation of solar PV panels and sewage heat recovery. To reduce emissions further, it was useful to upgrade the windows and install solar thermal collectors. Additional thermal insulation to roof and walls were only used in the expensive scenarios (a and b).
AB2 -Buildings from 1976 to 2002
In the expensive scenarios, AB2 with a district heating system was able to reach higher emission reductions than the same building with an EAHP system. This was due to ventilation heat recovery and demand-based ventilation, which were not available for the EAHP system. In the AB2 DH case, the biggest reduction in emissions was caused by upgrading the HVAC system from exhaust ventilation to mechanical supply and exhaust ventilation with heat recovery. This increased LCC only slightly. However, to obtain the highest performance, an expensive wall renovation was needed.
Just the installation of a ground-source heat pump reduced emissions in AB2 from over 25 kg-CO2/m 2 /a down to 7 kg-CO2/m 2 /a. The greatest performance improvement beyond that came from the addition of mechanical supply and exhaust ventilation with heat recovery. The ventilation retrofit was the greatest individual cost component until the inclusion of the additional wall thermal insulation, which had only a marginal effect on the emissions. With the EAHP, the emissions of the lowest performing system were 50% lower than in the reference DH case. The EAHP significantly reduced the cost and emissions of imported district heating.
International Journal of Sustainable Energy, 2018 (preprint) Table 8 shows a collection of optimal retrofit solutions for AB3, based on cost levels.
3.4.AB3 -Buildings from 2003 to 2009
Solar electric systems and demand-based ventilation were the cheapest renovation options. Further economical emission reductions could be done with improved roof insulation and through the installation of solar thermal collectors and sewage heat recovery. Sewage heat recovery was used in most cases with both DH and GSHP because most of the heating demand came from domestic hot water. The preferred PV capacity was larger for the more electrically intensive GSHP case than for the DH case, but within each optimization the capacity remained almost constant. Upgrading the walls and windows was not cost-effective for either heating system. Table 9 shows the optimal renovation configurations for AB4 under different cost levels. Similar to AB3, the most cost-effective solutions were the inclusion of demandbased ventilation and solar electric panels. They were both used in all optimal configurations. These were followed by sewage heat recovery and solar thermal collectors for increased emission reductions. Changes to the envelope were not costeffective. When maximum emission reductions were obtained, the greatest costs came from the HP-based sewage HR, solar thermal investments and the upgrading of walls and windows.
AB4 -Buildings from 2010 to 2020
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Optimization overview
An overview of all the optimization results is shown in Figure 10 With a GSHP, the retrofitted AB2 obtained the lowest total emissions out of all the buildings, even lower than the newer buildings AB3 and AB4 (see Figure 10 ). This was because of two reasons. Firstly, the ventilation heat recovery (HR) efficiency for the retrofitted AB2 was higher (72%) than the HR used for the standard solution of AB3 (60%) and AB4 (65%), which were not upgraded as part of the optimization scheme.
Secondly, the floor plan of the AB2 contained a larger cellar floor area than AB3 and AB4. The specific energy consumption of the cellar area was lower than in the living areas. This reduced the relative energy consumption and emissions of AB2 compared to AB3 and AB4.
The results show, that while there are many ways to reduce energy consumption and emissions in existing apartment buildings, a large fraction of the solutions are not economically viable in life cycle costs. For example, envelope improvements such as additional thermal insulation of walls are often not economically justified. Especially in relatively new buildings that are already well insulated, adding more thermal insulation to the walls has very little actual energy saving benefit. However, low cost roof insulation was usually cost-effective. Window retrofits were typically not useful for the newer buildings, but were beneficial in the older buildings. Heat recovery from ventilation offers a significant improvement to a building's energy performance, but a large overhaul from exhaust ventilation to supply-exhaust ventilation is usually not costeffective. For new buildings, upgrading to demand-based ventilation was the most costeffective renovation solution, followed by installations of solar electric and, to a lesser extent, solar thermal systems. Solar electricity was useful in all cases, but to avoid selling excess power at low cost to the grid, its capacity was limited. Higher amounts of solar thermal collectors could be utilized, due to short-term energy storage in water tanks.
Using district heating, emissions in all the buildings could cost-effectively be reduced by 24 -41%. The initial investment was 30 -46% out of the total LCC. With a ground-source heat pump, the emissions could be cost-effectively reduced by over 80% in AB1 and AB2 and by almost 70% in AB3 and AB4. This would require more initial investments, however. For AB1 and AB2 the investment to LCC ratio was about 80%, while with AB3 and AB4 it was 50%.
Discussion
Energy efficiency improvements and solar energy had great potential in reducing emissions in apartment buildings. However, the most cost-effective measure to reduce emissions, relative to the reference district heated building, was to utilize heat pumps. This is due to the low electricity prices in Finland as well as the much lower emission factors of electricity compared to district heating. Under the assumptions of this study, winter heat generation by heat pump can be less than half the cost of district heating. It was also assumed that all electricity would be supplied using the average monthly emission factors. However, the uptake of electrified heating increases power demand in the national grid, making it more likely that electricity is generated using CO2-intensive energy sources that are more expensive to operate. This could reduce or even negate the environmental benefit of heat pumps as well increase the cost of electricity.
Because significant reductions in energy use and emissions were possible, energy retrofits of old buildings should be a priority for Finland to reach its emission targets (-80% compared to 1990 levels by the year 2050). However, the highest emission reductions could not be reached cost-effectively, which is an obstacle as most people prioritize cost On the other hand, the upfront investment cost of many renovation solutions can be quite low compared to some non-energy related renovation tasks. For example, the water pipeline renovation typically needed in 40-60-year-old buildings can cost 500-900 €/m 2 (Orava & Turunen, 2016) , while most of the effective energy renovation solutions found in this study had investment costs lower than 300 €/m 2 . Some energy retrofit measures could even be combined with other mandatory renovation tasks, which can lower the cost of efficiency improvements. The renovation rate of buildings could also be increased through economic incentives such as tax cuts or government grants for performing the retrofits. For example, in Estonia government grants for energy retrofits were available, with more money given for meeting more ambitious efficiency targets (Kuusk & Kalamees, 2016) . (Jylhä, et al., 2015) .
Costs of different energy retrofit options were estimated according to previous studies and private communications with experts, but truly universal prices don't exist, as costs change according to local operators, building envelope design, size of buildings and other specific features. The results could change depending on the future of the Nordic energy system and changes in prices and tariffs. New electricity transmission lines opening up between the Nordic region and the United Kingdom or Germany could create upward pressure for Finnish electricity prices, as less power would be available for importing to Finland. The study was done for a 25 year time period, assuming that energy prices steadily increase, but that emission levels of energy generation stay the same. If the energy transformation continues, it could be assumed that emissions levels on the generation side are also reduced. Reduction of emission factors on the district heating side, for example through heat generation with nuclear energy using small modular reactors (SMR) (Partanen, 2017) , would have significant effect on both the reference cases and the optimized cases. Use of utility scale solar heat and seasonal thermal energy storage could also reduce the carbon intensity of district heating. On the other hand, very large scale penetration of heat pumps would significantly increase the national electricity consumption while lowering the need for district heating. This would reduce the benefits of cogeneration plants, while possibly increasing the use of high emission peaking plants. To keep the scope of the study reasonable, these issues were disregarded. Separate studies need to be done to compare the cost-effectiveness of emission reductions on the generation side (power plants and energy grid) and the consumption side (buildings) as well as the effect of scaling up the retrofits from individual buildings to cities and communities.
Conclusions
The goal of the European Union is to reduce total emissions by 80% from the levels of The largest and most cost-effective emission reductions were obtained with the use of ground-source heat pumps. However, with district heating and exhaust air heat pumps, it was also possible to significantly reduce emissions without incurring net costs over a period of 25 years. The most substantial emission reductions, however, were not cost-effective.
In buildings of all age groups, heat recovery from waste water proved to be a cost-effective solution, which was utilized in almost all optimized configurations. In systems with mechanical ventilation, demand-based ventilation was also cost-effective to introduce in every case. In the oldest buildings (AB1), better insulation of the roof and installation of energy efficient windows were always economical. For new buildings (AB3 and AB4) with a low heating demand even before renovation, solar electricity was the first cost-efficient retrofitting measure. For higher levels of emission reductions, inclusion of solar thermal generation was effective, as was retrofitting of mechanical exhaust ventilation system to mechanical supply and exhaust ventilation system with heat recovery in old buildings (AB1 and AB2).
This study shows that with the help of building energy retrofits it is possible to reduce emissions of old Finnish apartment buildings by 80%, which matches the emission reduction targets of the EU. The reductions are made possible by improved building envelope, heat recovery, on-site energy generation and electrification of heating. Not all of the emission reduction measures are currently economically feasible, so Finland and other EU member states need to create policies to motivate building owners to perform the upgrades. The availability of low emission electricity must also be ensured.
